Press forming of a carbon fiber reinforced thermoplastic sheet with consolidated thermoplastic resin was studied. The carbon fibers deform during the press forming of a flat plane weave sheet to a rectangle cup. The fabric deformation depends on the relationship between the direction of fibers and that of the die corners. The difference in the deformation is attributed to the deformation availability of the woven carbon fiber. The deformation behavior in the forming should be considered in the design of die profiles, die clearance, and the requirements for the mechanical properties of the formed product.
Fiber deformation behavior during press forming of rectangle cup by using plane weave carbon fiber reinforced thermoplastic sheet 
Introduction
Carbon fiber reinforced plastic (CFRP) is used widely in aircrafts and automobiles because of their light weight and strong mechanical performance. Although thermoset carbon fiber composites are presently used in CFRP, carbon fiber reinforced thermoplastics (CFRTPs) are materials of the future because of their high cycle production, high-temperature deformation performance, and shape fixing by cooling. Recycling will be also easy compared with that of thermoset CFRP. One of the processes for high cycle production is that a carbon fiber sheet preconsolidated with thermoplastic is prepared in advance for the final press forming. Then, the CFRP sheet is heated and directly machine pressed and cooled. Thus, the fiber orientation in the formed product is decided by the relationship between the fiber direction arrangement in the CFTP sheet and the die profile. For designing the mechanical properties of the formed part, the fiber deformation behavior in the press forming process from the initial flat sheet to three-dimensional shape must be understood. Rozant et al. (2000) investigated the drapability of dry glass fiber textile fabrics. Allaoui et al. (2012) studied the fiber deformation in the preforming of a tetrahedrally shaped dry woven fabric. There are many studies on the drapability of dry fiber composites but few studies on the deformation behavior of the CFRTP sheet in press forming. Yoneyama et al. (2012 Yoneyama et al. ( , 2014 have studied the deformation behavior of CFRTP sheet with unidirectional fibers and of plain weave in press forming a hemispherical cup. In this study, a rectangular cup with two steps is used as the formed shape. The fiber deformation behavior is studied from the fiber orientations on the formed surface when the fiber orientation of the initial sheet agrees with the rectangle side line and when the fiber direction is 45° to the side line. Knowing the fiber deformation behavior during press forming is useful in designing die profiles, corner radii, and the clearance between the upper and lower dies, as well as the mechanical properties of the formed part.
CFRTP sheet and die profile

CFRTP sheet
The woven carbon fiber sheet consolidated with thermoplastic PA6 is from Ichimura Corp. Ltd. The thickness of the sheet is 1 mm. It consists of five layers of 3K carbon fiber plain weave. The dimensions of the forming sheet are 300 mm × 220 mm with 20 mm cut at the four corners, as shown in Fig. 1 . The 0/90 sheet has the same directions between the carbon fibers and the rectangle side edges. The 45/45 sheet means that the fiber direction is at 45° with the rectangle side edge direction. The carbon fiber volume V f is 55%. 
Press procedure
A 450 kN H1F 45 mechanical servo press made by Komatsu Industries Co. was used. The forming die is shown in Fig. 2 . The CFRTP sheet was heated with a halogen heater up to 300 °C and then placed on the sheet holder of the lower die. During press forming, the periphery of the sheet is held by the sheet holder. The temperature of the sheet holder is kept at 260 °C during forming. Therefore, the initial sheet temperature at the beginning of press forming is 260 °C. The temperature of the die is 30°C. The upper die moves down at a speed of about 16 mm/s and stops at the dead center of the lower die. The press load increases at the end of the stroke and remains at the maximum load while slightly decreasing during the final stop at the bottom dead center. The maximum load depends on the position of the bottom dead center. In this experiment, the final press load was 290 kN in both cases. The sheet cools rapidly when in contact with the die surface. The cooling time may be less than 10 s estimated from the time it takes the load to decrease.
The experiment was performed on two types of sheet. The long side of the sheet is set parallel to the long side of the die in each experiment. Therefore, in the case of the 0/90 sheet, the fiber direction is parallel to the rectangular side corner of the die. In the case of the 45/45 sheet, the fiber direction forms a 45° angle with the side corner of the die.
A rectangular cup with two steps is used as the model profile to investigate the fiber deformation in press forming. The dimensions of the lower die are shown in Fig. 3 . The bottom rectangle is 200 mm in the long side and 100 mm in the short side. The height of the first step is 20 mm. The height of the top flat square is 40 mm. The top square corner is 95 mm × 85 mm. The taper angle is 5° in the short side and 10° in the long side. Except for the bottom rectangle corner, which is 4 mm, the corner radius is 3 mm. The dimensions of the upper die are 2 mm wider than the lower die of the same height. 
Experimental results
Fiber deformation of the 0/90 sheet
The formed product of the 0/90 sheet is shown in Fig. 4 . To observe the fiber lines clearly, red and yellow strips were placed along the fiber lines in several areas. To describe the observed surface, the XYZ directions are assigned, as shown in Fig. 4 . First, the change from the initial rectangular outside shape is shown in Fig. 5 . The distance between the initial and the final side is also shown in Lower die both about 30 mm, which corresponds to the pulled distance for the tapered side surface with 40 mm height. The profile length along the longitudinal center cross-section and that along the middle cross-section are 300 mm and 220 mm, respectively. This means that the basic deformation in the 0/90 sheet is the folding of the fibers perpendicularly to the side corner line and drawing vertically to the side corner line.
The deformation at point A in Fig. 4 is shown in Fig. 6 . Because of the height difference between the two steps, the drawing of fibers in the Y direction is different, and shearing occurs on the XZ surface, as shown in the A1 view, and the XY flange part, as shown in A2 view. The X-direction fibers are folded on the vertical side surface between the first and second steps, and the fibers are compacted at the XZ side surface and XY flange surface. The fibers cannot shrink in the longitudinal direction; thus, the fibers near the side cannot follow those in the central line. Therefore, shearing also occurs between the central and the side part in the first step surface in the A3 view and on the vertical side surface in A4 view. Next, the deformation of part B in Fig. 4 is shown in Fig. 7 . As the fibers are folded along the X and Y side edges, the fibers at the vertical corner are compressed in the circular direction. The cross angle changes, as shown in the B3 view. Because of this deformation, shearing occurs near the corner on the XZ side surface, as shown in the B1 view, and on the YZ side surface, as shown in the B2 view. The flange part is also compressed and packed, as shown in the B4 view. 
Fiber deformation of 45/45 sheet
The formed product with the 45/45 sheet is shown in Fig. 8 , and the dimensional changes of the exterior lines of the sheet are shown in Fig. 9 . The exterior shape of the periphery of the formed product is a rectangle. The change in the length of the long side is small, which means that the fabric is elongated in the longitudinal direction. The distance in the 45° direction is large, which means that each fiber is almost drawn into the fiber directions according to the height of the step. The fiber deformation at the top surface is shown in Fig. 10 . The shape of the cross square changes to diamond because of the extension at the long side. This is caused by pushing the edge of the upper die into the corner between the first and the top step, as shown in Fig. 11 . The deformation of part B is shown in Fig. 12 . In the XZ side surface, there are shearing lines between the top edge corners and the middle bottom. Fiber line 1, which goes through the tetrahedral top, is longer than line 2, which goes through the bottom of the vertical corner. Therefore, shearing occurs between them. At the middle part of the XZ side surface, the fabric is compressed in the horizontal direction.
The deformation of part D is shown in Fig. 13 . In the middle part of the side surface, the fabric is compressed in the horizontal direction. The diamond deformation in the first side surface is larger than that in the second surface. Fiber compression may be restricted in the second side surface by the lower fibers in the first flat step.
The deformation at corner C is shown in Fig. 14. Although the fibers fold around the X side corner and the Y side corner of the top surface, the fibers do not get compressed in the vertical corner because the fibers go through a circular motion around it. Therefore, the deformation of the cross square of the fibers is not so large around the vertical corner. 
Conclusions
The fiber deformation of a plane weave CFRTP to a rectangle was observed in a press forming cup. Fiber deformation differs depending on the relationship between the fiber direction and the corner direction on the die. The cross square shape of the fabric changes to diamond by shearing, and elongation and compression by placing the CFRTP sheet to the die surface. The die should be designed considering the deformation behavior of the fibers of the CFRTP during the press process.
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